, exogenous apyrases, which break down nucleotides (10 U/mL), or the PLC inhibitor U-73122 (10 M) reduced the wave propagation, whereas the ecto-ATPase inhibitor ARL-67156 (100 M) significantly enhanced it. ATP-dependent LL bioluminescence increased after PMS. RT-PCR showed mRNAs for P2Y1 and P2Y2 receptors and ecto-ATPases in BCECs. CONCLUSIONS. PMS of BCECs induces release of ATP and a concomitant intercellular Ca 2ϩ wave, even in the absence of direct cell-cell contacts. The AA of the wave is modulated by agents that affect P2Y receptor activity. Thus, PMS-induced intercellular Ca 2ϩ wave propagation in BCECs involves ATPdependent paracrine IC. (Invest Ophthalmol Vis Sci. 2005;46: 104 -113)
T he corneal endothelium plays an important role in corneal transparency, which depends on the hydration state of the stroma. 1 The cells of this monolayer act as gatekeepers for entry of solutes and water into the stroma, and at the same time they pump fluid from the stroma into the anterior chamber. [2] [3] [4] Even though recent findings suggest a role of the corneal epithelium in fluid transport, 5 it is the endothelial fluid transport that largely counterbalances the fluid leak into the stroma, leading to constant stromal hydration. 2 Several investigations to date have unraveled G-proteincoupled receptors that are likely to influence the barrier integrity and pump functions of the corneal endothelium. 6 -14 Specifically, recent studies have focused on the function of purinergic P1 and P2 receptors in the endothelium. 6,9 -11,14 In rabbit corneal endothelial cells, adenosine has been shown to activate the A2B subtype of P1 receptors, leading to stimulation of fluid transport and enhancement of barrier integrity. 10, 11 Adenosine-5Ј triphosphate (ATP), in contrast, has been shown to stimulate P2Y receptors, leading to activation of Cl Ϫ channels, 9 enhancement of regulatory volume decrease, 14 and increase in cell proliferation. 15 In other cell types, ATP is known to be pleiotropic, with significant effects on ion channels, apoptosis, and barrier integrity. 16 -24 It has also been shown that ATP forms a paracrine mediator of intercellular communication (IC) in many cell types, including glial cells, epithelium, and vascular endothelium. [25] [26] [27] [28] [29] [30] [31] In most tissues of the body, IC is essential for coordinated cellular activity to maintain tissue homeostasis. As in excitable cells, many nonexcitable cells are also capable of IC through two pathways: gap junctional intercellular communication (GJIC) and paracrine intercellular communication (PIC). In GJIC, second messengers and metabolites are exchanged through gap junctions formed by the docking of two hemichannels contributed by two adjacent cells. 32 In contrast with GJIC, PIC involves release of one or more diffusible extracellular signaling molecules, enabling paracrine effects. A widely investigated paracrine mediator is the endogenous P2 agonist ATP. Several intra-and extracellular stimuli release ATP, which then activates P2 receptors on the neighboring cells and thereby elicits a coordinated multicellular response. In the case of a Ca 2ϩ transient evoked by mechanical stimulation, intercellular propagation of the Ca 2ϩ wave is elicited by means of ATP release followed by diffusion of the messenger to neighboring cells and activation of their P2 receptors.
Although insight has been gained in the recent past about PIC and GJIC, their importance in a given cell type or their engagement in response to a specific extracellular stress remains poorly understood. In the context of the corneal endothelium, the significance of IC to tissue homeostasis is not evident, although it is well known that point injuries and defects of the monolayer occur, resulting in heterogeneity. IC may be involved in the restoration of the integrity of the endothelial layer. The fact that corneal endothelial cells are nonproliferative suggests that the monolayer becomes senescent with reduced functional capacity vis-à-vis aging. Because cellular senescence is known to influence the expression density of certain connexins, [33] [34] [35] [36] it is likely that aged endothelial cells have reduced GJIC. This adds further impetus to examine PIC in the corneal endothelium.
The major objective of this study was to examine the role of PIC in the intercellular Ca 2ϩ wave propagation in corneal endothelial cells. Using point mechanical stimulation (PMS) in bovine corneal endothelial cells (BCECs), this study showed intercellular Ca 2ϩ wave propagation mediated by PIC involving P2Y receptors. Accordingly, both the intensity and distance of the propagation were reduced significantly by the activity of ectonucleotidases and P2Y antagonists.
MATERIALS AND METHODS

Cell Culture
Primary cultures of BCECs were established as previously described. 14, 37 The growth medium contained Dulbecco's modified Eagle's medium (cat no: 11960-044; Invitrogen-Gibco, Karlsruhe, Germany) supplemented with 10% fetal bovine serum (cat no. F7524; Sigma-Aldrich, Deisenhofen, Germany), 6.6% Glutamax (cat no. 35050-038; Invitrogen-Gibco), and 1% antibiotic-antimycotic mixture (cat no. 15240-096; Invitrogen-Gibco). Cells were grown at 37°C in a humidified atmosphere containing 5% CO 2 . Cells of the second and third passages were harvested and seeded into two chambered glass slides (Laboratory-Tek, cat no: 155380; Nunc, Rosklide, Denmark) at a density of 165,000 cells per chamber (4.2 cm 2 ), unless otherwise stated. Cells were allowed to grow to confluence for 3 or 4 days before use. Tightly packed cells of uniform size form highly ordered confluent monolayers that closely resemble the arrangement of native corneal endothelium. 38 The cells undergo terminal differentiation, show characteristic polygonal morphology, 38 and do not possess a fibroblast-like appearance. The fresh or cultured cells were shown to possess several exchangers, cotransporters, and channels that participate in corneal endothelial fluid transport. 39, 40 Fresh or cultured BCECs possess polarized ion transport proteins [41] [42] [43] that mediate basolateral-to-apical fluid transport.
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Measurement of [Ca 2؉ ] i
Cells were loaded with a Ca 2ϩ -sensitive dye (10 M; Fluo-4 AM; Molecular Probes, Eugene, OR) for 30 minutes at 37°C. The dye was excited at 488 nm, and the resultant fluorescence emission was collected at 530 nm. Spatial changes in [Ca 2ϩ ] i after PMS were measured on a laser scanning fluorescence microscope (model LSM510; Carl Zeiss Meditec, Jena, Germany) using a 40ϫ objective, unless otherwise stated. Images were collected and stored on a computer. Polygonal regions of interest (ROIs) were drawn to define the borders of each cell (Fig. 1A) . The central cell, labeled MS, was the mechanically stimulated cell. The neighboring (NB) cells immediately surrounding the MS cell were defined as neighboring cell layer 1 (NB1), the ones immediately surrounding the NB1 cells were defined as neighboring cell layer 2 (NB2), and so on. Fluorescence was averaged over the area of each ROI. Normalized fluorescence (NF) was then obtained by dividing the fluorescence by the average fluorescence before PMS. Intercellular Ca 2ϩ wave propagation was characterized by maximum NF, delay, and percentage of responsive cells (%RCs), as well as the total surface area of responsive cells (active area, AA) with NF Ն 1.1.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from confluent cells grown on T25 flasks with an extraction kit (RNeasy; Qiagen, Valencia, CA). First-strand cDNA synthesis was then performed (Advantage RT-for-PCR Kit; BD-Clon- tech, Palo Alto, CA). PCR was performed with the following parameters: (1) initial denaturation at 95°C for 4 minutes, (2) denaturation at 95°C for an additional minute, (3) annealing at 56°C to 58°C for 1 minute, and (4) extension at 72°C for 2 minutes. Steps 2 through 4 were repeated for ϳ35 cycles. The final extension step lasted for 10 minutes, and the final products were cooled to 4°C for ϳ10 minutes.
Negative control experiments were performed in the absence of reverse transcriptase during the RT reaction. All PCR products, along with DNA ladders (Invitrogen-Gibco), were visualized on a 1% ethidium bromide-stained agarose gel and illuminated with UV light. The PCR products were confirmed by DNA sequencing. Table 1 is a list of the primers used for detecting P2Y receptors and ectonucleotidases.
ATP Measurements
The accumulation of released ATP in a solution bathing a monolayer of BCECs was probed with the luciferin-luciferase (LL) bioluminescence assay. Photons emitted as a result of the oxidation of luciferin by luciferase in the presence of ATP and O 2 were detected by a photoncounting photomultiplier tube (H7360-01; Hamamatsu, Hamamatsu City, Japan), with a sensitive area 25 mm in diameter and positioned 20 mm above the cells. Voltage pulses from the photomultiplier module were counted with a high-speed counter (PCI-6602; National Instruments Co., Austin, TX). The dark count of the photomultiplier tube was Ͻ80 counts/s.
Mechanical Stimulation
The PMS of a single BCEC consisted of a short-lasting deformation of the cell by briefly touching Ͻ1% of the cell membrane with a glass micropipette (tip diameter Ͻ1 m) coupled to a piezoelectric nanopositioner (P-280 piezo stage operated through an E463 amplifier/controller; PI Polytech, Karlsruhe, Germany) mounted on a micromanipulator. 
Data Analysis
All data are given as the mean Ϯ SEM. Comparisons of means between groups were performed by unpaired t-tests, with P Ͻ 0.05 considered a statistically significant difference. N indicates the number of independent experiments (the number of cells subjected to PMS) while n represents the total number of cells.
RESULTS
Intercellular Ca 2؉ Wave Evoked by PMS
In the first series of experiments, we assessed the characteristic parameters of the Ca 2ϩ wave induced by mechanical stimulation. In response to PMS, the MS cell showed an initial increase in Ca 2ϩ that originated at the point of stimulation and spread throughout the MS cell. On reaching the boundaries of the MS cell, the Ca 2ϩ increase was found to spread out to the NB cells in a wave-like manner, as shown by fluorescence images in Figure 2A . The NF in the MS cell was higher than in the NB cells, and the NF in the NB cells decreased with increasing distance from the MS cell. In control conditions, Ca 2ϩ transients were observed up to approximately four to six cell layers away from the MS cell. The time course of the Ca 2ϩ transients (i.e., NF versus t) in representative cells of the images is shown in the line plot in Figure 2A . Note that the decrease in maximum NF, as well as an increase in the time delay of the NB cells with increasing distance from the MS cell, is clearly evident. Figure 2B summarizes results from all experiments. A maximum NF of 2.7 Ϯ 0.06 (N ϭ 125) was obtained in the MS cell. After the peak, which was reached in approximately 4.1 Ϯ 0.2 seconds. The NF in the MS cell showed a very gradual and slow decline, returning to the basal value after 171 Ϯ 4 seconds after application of the stimulus.
The maximum NFs in NB1, -2, -3, and -4 (representing NB cell layers 1, 2, 3, and 4) were 2.7 Ϯ 0.03 (n ϭ 849), 2.4 Ϯ 0.02 (n ϭ 1469), 2.2 Ϯ 0.02 (n ϭ 1430), and 2.1 Ϯ 0.03 (n ϭ 778), respectively (Fig. 2B, left) . The delay in response to PMS also increased with increasing distance of the NB layer from the MS cell. The response of the NB cells showed a delay of 1.8 Ϯ 0.06, 4.8 Ϯ 0.07, 7.5 Ϯ 0.1, and 9.7 Ϯ 0.2 seconds (for NB1, -2, -3, and -4, respectively). The %RC for MS was 100%. %RC for NB1, -2, -3, and -4 cells was 100%, 95%, 81%, and 62%, respectively, thus also decreasing as a function of the cell layer away from the MS cell (Fig. 2B, right) . The average AA was 77,000 Ϯ 3,200 m 2 (N ϭ 21) in control conditions. These data, demonstrate the presence of a decremental, centrifugally propagating intercellular Ca 2ϩ wave in BCECs in response to PMS.
PIC in Cells without Cell-Cell Contacts
To find out whether PIC contributes to the wave propagation, we examined wave propagation in the absence of cell-cell contacts. This was achieved by sparse seeding of cells (Fig. 3A) or by deliberate scratching of confluent monolayers (Fig. 3B) to yield cell-free lanes (Fig. 1B) with a width of 30 to 110 m (average ϭ 54 m, N ϭ 15). In both of these conditions, the Ca 2ϩ wave was found to jump over the gaps between MS and NB cells, demonstrating that an extracellular messenger, released by the MS cell, contributes to the propagation of the Ca 2ϩ wave upon PMS.
P2Y Receptors in BCEC
ATP is the prime candidate for mediating paracrine IC in the Ca 2ϩ wave propagation through its extracellular action on the P2 family of purinergic receptors. We determined the doseresponse curve of the NF of BCECs in response to exogenous ATP. As shown in Figure 4A , the EC 50 for ATP in BCECs is 1.5 M, with a saturating NF response noted at approximately 100 M. Consistent with the response to ATP in our experiments and with the functional characterization by Srinivas et al., 14 we also found expression of P2Y receptors and ecto-ATPases at the mRNA level. Figure 4B shows expression of P2Y1, P2Y2, CD39, and CD73 in BCECs by RT-PCR. P2Y1 and P2Y2 are GPCRs sensitive to endogenous ATP, whereas CD39 and CD73 are ectonucleotidases known to metabolize ATP to adenosine monophosphate (AMP) by CD39, and subsequently AMP to adenosine by CD73.
PMS Induced Release of ATP
To study whether BCECs release ATP, we measured basal extracellular ATP levels by the LL technique. In control conditions, we found a small basal release of ATP that increased markedly on PMS in 10 of 10 experiments. These experiments demonstrate that ATP is available to act as an extracellular messenger for the wave propagation upon PMS.
Effect of Inhibitors of Purinergic Activity on Ca
2؉
Wave Propagation
Next, we investigated whether the modulation of P2Y transmission affects IC in BCECs. In the first set of experiments, we studied the effect of blocking P2Y receptors, by using the (Fig. 5A ) nor the %RC (Fig. 5B) of the MS cells (N ϭ 42) was significantly different from control condition (N ϭ 53; Table 2 ). However, the %RC of NB cells was reduced markedly from NB2 onward when compared with the controls (NB1: 92% vs. 99%, NB2: 59% vs. 97%, NB3: 19% vs. 81%, NB4: 6% vs. 61%; Fig. 5B ). Consequently, AA was reduced (Fig. 5C, Table 2 ).
We also studied the effect of nucleotide hydrolysis by exogenous apyrase VI (which has a high ATPase/adenosine diphosphatase [ADPase] ratio) or apyrase VII (which preferentially hydrolyzes adenosine diphosphate [ADP]). 27 Similar to the effect of suramin, the presence of apyrase VI (10 U/mL; N ϭ 25) or apyrase VII (10 U/mL; N ϭ 17) resulted in an inhibition of the Ca 2ϩ wave propagation (Fig. 5 , Table 2 ). Apyrase VII caused a somewhat stronger inhibition in the outermost cell layers when compared to apyrase VI. The combination of 5 U/mL apyrase VI and 5 U/mL apyrase VII had a cumulative effect, causing a more pronounced inhibition of the Ca 2ϩ wave than either 10 U/mL apyrase VI or 10 U/mL apyrase VII (Fig. 5,  Table 2 ), limiting the propagation to NB1. These experiments demonstrated that PIC, via an agonist of P2Y receptors, is involved in the IC upon PMS and provide evidence that both ATP and ADP are involved.
Ca
2؉ Wave Propagation in the Presence of Inhibitors of Ectonucleotidase Activity
We next investigated the effect of inhibiting endogenous ectonucleotidase activity by application of 100 M ARL-67156. 45 Using a 10ϫ objective, we saw that the presence of ARL-67156 caused a threefold increase of AA of cells reached by the Ca 2ϩ wave when compared to control conditions (840,000 Ϯ 110,000 m 2 ; N ϭ 6, vs. 210,000 Ϯ 25,000 m 2 ; N ϭ 4; Fig. 6 ). In addition to a larger AA, the propagation of the wave is faster and more intense, as seen in the line plots of Figure 6 . This is the result of higher concentrations of the nucleotides in the extracellular spaces surrounding NB cells in the presence of ARL-67156. These experiments demonstrated that PIC, via a purinergic mediator, is involved in the Ca 2ϩ wave propagation Data were collected during mechanical stimulation in control conditions and in cells treated with suramin (200 M), apyrase VI (10 U/mL), apyrase VII (10 U/mL), or apyrase VI ϩ VII (5 U/mL each).
* P Ͻ 0.05 versus control. 
Effect of Modulators of Purinergic Activity on the Ca 2؉ Wave across Cell-Free Lanes
The Ca 2ϩ wave propagation across cell-free lanes was largely or completely blocked on pretreatment of the cells with suramin (Fig. 7A, top row) or apyrases (Fig. 7A, middle row) , whereas it was enhanced approximately fourfold in the presence of ARL-67156 (Fig. 7A, bottom row) . The AA of the right side of the cell-free lane in these different conditions (Fig. 7B) is significantly different from the one in control condition.
Role of P2Y Receptors on Ca 2؉ Release in MS and NB Cells
To study the role of P2Y in IC, and since P2Y receptors are known to be coupled to PLC, we used the PLC inhibitor U-73122 (10 M) 46 and its negative control U-73343 (10 M). Pretreatment with U-73122 (N ϭ 19) caused a reduction of the Ca 2ϩ transient in the MS cell and an inhibition of the Ca 2ϩ wave in the NB cells (only 50% of the NB1 cells showed a significant Ca 2ϩ increase), whereas its negative control, U-73343, did not have any effect on the IC (N ϭ 26; Fig. 8 ). These results suggest that PMS resulted in activation of PLC in the NB cells, and thus, that IP 3 -induced Ca 2ϩ release plays a role in the propagation of the intercellular Ca 2ϩ wave.
DISCUSSION
Characteristic Ca 2ϩ waves in cellular monolayers are a manifestation of IC. In nonexcitable cells, Ca 2ϩ waves can be propagated by PIC and/or GJIC. This study has investigated, for the first time, intercellular Ca 2ϩ wave propagation in corneal endothelial cells with a focus on characterization of a PIC pathway. Our major finding is that the propagation of a Ca 2ϩ wave in response to PMS is sustained partially by ATP-mediated PIC. The extent of propagation of the Ca 2ϩ wave is limited by the ectonucleotidases present on the plasma membrane that metabolize ATP.
Ca
2؉ Increase in MS Cells
BCECs responded to PMS by a [Ca 2ϩ ] i transient ( Fig. 2A) . Such a response has been recorded in several cell types, including vascular endothelium, astrocytes, osteoblasts, and a wide variety of epithelial cells. 26, 27, 29, 30, [47] [48] [49] [50] [51] The response is characterized by a rapid onset to a peak followed by slow decay toward the baseline. The Ca 2ϩ transients evoked by PMS in our experiments result from mechanotransduction and are not due to damage of the plasma membrane. In the unusual cases of membrane damage, we noticed a precipitous loss of fluorescent label (Fluo-4; Molecular Probes) from the MS cell. Experiments with such rapid fluorescence losses were promptly discarded from further consideration. The mechanisms for the Ca 2ϩ increase in the MS cell, although not examined in detail, could be attributed to Ca 2ϩ influx through putative stretchactivated cation channels, release of Ca 2ϩ from endoplasmic reticulum (ER) stores secondary to activation of phospholipases, or autocrine effects of ATP release in response to membrane stretch. The contribution of Ca 2ϩ release via a pathway involving PLC and IP 3 is supported by the finding that exposure to U-73122 partially inhibited the Ca 2ϩ increase in the MS cell (Fig. 8) .
Contribution of PIC toward Ca
2؉
Wave Propagation
Analysis of the wave propagation in terms of NF and %RC in the layers surrounding the MS cell offered several striking findings. The most noteworthy aspect is that the wave propagation could also occur along pathways devoid of cell-cell contacts (Fig. 3) . This is clear proof of the involvement of a paracrine factor. In support of this claim, and further suggesting an involvement of P2Y receptors, we found that the propagated distance and the strength of the wave decreased significantly in the presence of suramin or U-73122 (Table 2 , Fig. 8 ). This was further confirmed by receptor expression at the mRNA level, which indicated expression of P2Y1 and P2Y2 metabotropic receptors (Fig. 4B ). In conjunction with these claims, the fact that the paracrine factor is ATP and/or its metabolites is made evident by the inhibitory effect of the exogenous apyrases on wave propagation. The finding that apyrase VII (which preferentially metabolizes ADP to AMP) was more potent than apyrase VI (which preferentially metabolizes ATP to ADP) is consistent with the fact that both ATP and ADP are agonists of P2Y1 and P2Y2 receptors. In fact, ADP is noted to be potent compared with ATP in activating the P2Y1 receptors. 21 AMP is not an agonist for either P2Y1 or P2Y2 receptors. The importance of ADP in PIC is emphasized in the enhanced inhibition of the wave propagation noted when cells were exposed to a combination of apyrase VI and apyrase VII (5 U/mL each).
Participation of GJIC in Ca 2؉ Wave Propagation
Although no direct conclusions can be drawn in favor of participation of GJIC in the observed wave propagation, it is important to note that U-73122, suramin, or apyrases did not completely inhibit the propagation. Srinivas et al. 37 have noted a complete inhibition of P2Y activity in cells pre-exposed to the PLC inhibitor U-73122. Moreover, connexin Cx43 has been shown to be present in BCECs, as demonstrated by immunocytochemistry. 52 Therefore, that there was not complete inhi- bition of the wave is suggestive of GJIC superimposed on PIC, which is supported by the presence of Cx43 in BCECs. 52 This was consistent with the fact that neither suramin nor the exogenous apyrases affected the dye-coupling as noted in fluorescence recovery after photobleaching (FRAP) experiments in cells loaded with BCECF-AM (data not shown).
Role of Ectonucleotidases
Because in several cell types purinergic receptor activity is well known to be modulated by the activity of putative ectonucleotidases, we investigated their potential effect on PIC. Two prominent ectoenzymes that promote nucleotide metabolism are CD39 (ATP diphosphohydrolase, E.C. 3.6.1.5) and CD73 (5Ј-nucleotidase; E.C. 3.1.3.5).
53 CD39 is capable of ATP/ADP metabolism into AMP, 54, 55 whereas CD73 degrades AMP to adenosine. 56, 57 In BCECs, we found expression of both CD39 and CD73 at the mRNA level (Fig. 4B) . Motivated by these findings, we investigated the effects of a putative, nonspecific ectonucleotidase inhibitor, ARL-67156, on Ca 2ϩ wave propagation. The drug enhanced both the distance and the strength of the Ca 2ϩ wave propagation. More specifically, ARL-67156 increased the AA of the Ca 2ϩ wave threefold, enhanced the velocity of the propagation, and produced a three-to fourfold increase in Ca 2ϩ -sensitive fluorescence integrated over the AA. Expression of CD73 is also important because adenosine, which is known to activate the A2B subtype of P1 receptors in corneal endothelium, would result in elevated cAMP and thereby may promote GJIC.
58,59
Significance of PIC in Corneal Endothelium
As a form of IC, the importance of PIC to endothelial homeostasis cannot be underestimated, despite expression of connexins and functional GJIC, as evidenced by dye coupling. 60 -62 In retinal pigmented epithelial cells (RPE cells), which express different isoforms of connexins, Ca 2ϩ wave propagation is promoted by functional GJIC. 63, 64 However, similar experiments with calf pulmonary artery endothelial (CPAE) cells indicated that expression of connexins and dye-coupling are not sufficient for Ca 2ϩ wave propagation through gap junctions. 27 Furthermore, Ca 2ϩ wave propagation in CPAE cells was unaffected by the putative GJIC blockers. 27 However, suramin and exogenous apyrases abolished the Ca 2ϩ wave to a significant extent, indicating an involvement of purinergic receptors in Ca 2ϩ wave propagation. Unlike P2X receptors, P2Y are coupled to G ␣q/11 . The results of PIC in BCECs reported in this study are comparable to those found in CPAE cells, although the role of GJIC in Ca 2ϩ wave propagation is yet to be fully examined.
In addition to the role of IC under resting conditions, it may be useful to speculate on the potential of our findings in the context of phacoemulsification. As shown in several studies, despite the use of viscoelastic agents, functional decompensation and loss of endothelial cells after phacoemulsification appear to be inevitable. [65] [66] [67] [68] These effects are attributed to compressive stresses on the endothelium by the bursting of microbubbles induced by acoustic cavitation. 69, 70 Each of these bursts causes a transient point source of stress similar to the PMS in this study. Therefore, it would be pertinent to examine further whether the probable IC induced during phaco-emulsification results in apoptosis in cells next to sites of local injury (akin to the bystander effect known to be mediated by gap junctions [71] [72] [73] ) or promotes a tissue-wide defensive response to overcome the acute mechanical stress.
In conclusion, this study has delineated an important role for ATP in the corneal endothelium as a paracrine factor in cell-cell communication. Further investigation of the mechanism(s) of ATP release and putative roles of PIC would be helpful in understanding the pathophysiology of corneal endothelium.
